Iron limits primary productivity in vast regions of the ocean. Given that marine phytoplankton contribute up to 40% of global biological carbon fixation, it is important to understand what parameters control the availability of iron (iron bioavailability) to these organisms. Most studies on iron bioavailability have focused on the role of siderophores; however, eukaryotic phytoplankton do not produce or release siderophores. Here, we report on the pivotal role of saccharides-which may act like an organic ligand-in enhancing iron bioavailability to a Southern Ocean cultured diatom, a prymnesiophyte, as well as to natural populations of eukaryotic phytoplankton. Addition of a monosaccharide (>2 nM of glucuronic acid, GLU) to natural planktonic assemblages from both the polar front and subantarctic zones resulted in an increase in iron bioavailability for eukaryotic phytoplankton, relative to bacterioplankton. The enhanced iron bioavailability observed for several groups of eukaryotic phytoplankton (i.e., cultured and natural populations) using three saccharides, suggests it is a common phenomenon. Increased iron bioavailability resulted from the combination of saccharides forming highly bioavailable organic associations with iron and increasing iron solubility, mainly as colloidal iron. As saccharides are ubiquitous, present at nanomolar to micromolar concentrations, and produced by biota in surface waters, they also satisfy the prerequisites to be important constituents of the poorly defined "ligand soup," known to weakly bind iron. Our findings point to an additional type of organic ligand, controlling iron bioavailability to eukaryotic phytoplankton-a key unknown in iron biogeochemistry.
Iron limits primary productivity in vast regions of the ocean. Given that marine phytoplankton contribute up to 40% of global biological carbon fixation, it is important to understand what parameters control the availability of iron (iron bioavailability) to these organisms. Most studies on iron bioavailability have focused on the role of siderophores; however, eukaryotic phytoplankton do not produce or release siderophores. Here, we report on the pivotal role of saccharides-which may act like an organic ligand-in enhancing iron bioavailability to a Southern Ocean cultured diatom, a prymnesiophyte, as well as to natural populations of eukaryotic phytoplankton. Addition of a monosaccharide (>2 nM of glucuronic acid, GLU) to natural planktonic assemblages from both the polar front and subantarctic zones resulted in an increase in iron bioavailability for eukaryotic phytoplankton, relative to bacterioplankton. The enhanced iron bioavailability observed for several groups of eukaryotic phytoplankton (i.e., cultured and natural populations) using three saccharides, suggests it is a common phenomenon. Increased iron bioavailability resulted from the combination of saccharides forming highly bioavailable organic associations with iron and increasing iron solubility, mainly as colloidal iron. As saccharides are ubiquitous, present at nanomolar to micromolar concentrations, and produced by biota in surface waters, they also satisfy the prerequisites to be important constituents of the poorly defined "ligand soup," known to weakly bind iron. Our findings point to an additional type of organic ligand, controlling iron bioavailability to eukaryotic phytoplankton-a key unknown in iron biogeochemistry.
trace metals | carbohydrates | organic matter | exopolymeric substances | plankton D issolved iron supply sets the rate of primary production and nutrient utilization in up to 40% of open-ocean waters, including the Southern Ocean (1, 2) . Because of the complex and dynamic interplay between iron chemistry, photochemistry, and biological processes (Fig. S1 ), the mechanism(s) controlling iron bioavailability to oceanic biota remain poorly understood. Iron bioavailability is influenced by photochemistry (3), chemical speciation (4, 5) , biological cycling (6) , and uptake strategies (7) (8) (9) . As a result, different microorganisms, each with its own specific iron requirement, iron uptake system(s), and biological adaptability (7, 10, 11) , will have access to different pools of bioavailable iron under conditions of identical iron chemistry.
In marine systems, virtually all of the iron is bound to organic ligands (12, 13) ; hence, organic complexation is the main regulator of both iron reactivity and bioavailability. Both experimental (4, 14) and modeling (15) observations agree that organic complexation is necessary to maintain iron solubility and bioavailability in the ocean. In oceanic waters, two classes of organic ligands (L1 and L2) have been identified on the basis of their binding affinities for iron (12) . It is widely accepted, from comparable conditional stability constants, that siderophores produced by bacterioplankton (i.e., heterotrophic and autotrophic bacteria) belong to the strongest class (L1) of organic ligands. However, a photoactive siderophore that belongs to the L2 class has now been reported (3) . Moreover, uncertainties remain about the nature of organic ligands that bind iron (12, 16) . Ligands too weak to fall within the analytical window of the competitive ligand exchange technique are also not detected (17) ; thus, their importance for iron biogeochemistry is likely to be underestimated. There is no clear evidence to date that eukaryotic phytoplankton produce or use siderophores. Nevertheless, whatever their source, the presence of photolabile siderophores could improve iron biavailability through the indirect photoreduction of iron(III) to iron(II). The single instance reported so far has been the iron-binding siderophore, vibrioferrin, increasing iron bioavailability to a cultured dinoflagellate (3) . Therefore other types of ligands, rather than siderophores, might be controlling iron bioavailability to eukaryotic phytoplankton.
Saccharides are poorly defined, polydisperse, and polyfunctional compounds having "weak" affinities for cationic metals (17) (18) (19) . Gluconic and domoic acids both form weak iron complexes that fall within the L2 class (log K Fe′L 8.7 and 8.8 M −1 , respectively) (17, 20) . Unlike siderophores, reported at picomolar levels (21) , saccharides occur in relatively high concentrations in surface waters (nanomolar to micromolar) (22) , giving them the potential to outcompete the L1 class for iron binding-a critical step toward defining iron bioavailability (20) . Saccharides represent 3-50% of dissolved and colloidal organic matter (18, 23, 24) and are typically present at 0.2-500 nM in the Pacific Ocean (22) , representing up to 20-30 μM of carbon (23) . Polysaccharides are more abundant than monosaccharides in surface water, comprising up to 70% of total saccharides (23) . The concentration of polysaccharides decreases with depth, suggesting that polysaccharides are reactive components in surface water (23) . Saccharides are ubiquitous and important constituents of marine gels, transparent exopolymeric particles, and dissolved organic carbon (22, 24) .
Most marine microorganisms, including eukaryotic phytoplankton and heterotrophic and autotrophic bacteria, synthesize saccharides that are either internal energy stores or secreted as exopolysaccharides (EPS) (24) (25) (26) (27) (28) (29) . Storage saccharides are metabolism dependent, responsive to iron supply (30), and released
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by both cell lysis and grazing-two iron-recycling pathways (6) . Indeed, saccharides can influence trace metal chemistry and cycling (31) , two parameters that define bioavailability (Fig. S1 ). Evidence exists that saccharides might be important for iron chemistry and bioavailability; however, no prior studies have attempted to develop a mechanistic understanding of the effect of saccharides on iron bioavailability. The excretion of domoic acid by Pseudonitzschia was increased under conditions of iron limitation (20, 32) . Saccharides can also increase the growth of Southern Ocean eukaryotic phytoplankton (33) and favor iron reduction, which releases more soluble iron(II) (34) .
Saccharides vary in their potential to bind iron. Uronic acids, for example, are likely to be significant for iron biogeochemistry; they are a major constituent of the natural saccharides found in surface waters, as well as in the EPS excreted by eukaryotic phytoplankton and heterotrophic and autotrophic bacteria (24, 26-29, 35, 36) . The carboxylic groups of uronic acids are known to bind transition metals, including iron(III) (19, 35, 37) . To understand the underlying mechanisms by which saccharides (including uronic acids) alter iron bioavailability to eukaryotic phytoplankton, we measured the intracellular iron uptake, chemical complexation, and solubility with and without the addition of organic ligands (two saccharides, one bacterial EPS, and one siderophore). Here, we present compelling evidence that saccharides can significantly increase the iron uptake rate of eukaryotic phytoplankton for both natural assemblages and isolates from the Southern Ocean. Hence, we propose that saccharides are important organic compounds controlling iron bioavailability to eukaryotic phytoplankton in iron-deficient waters, and in particular for high-nutrient, low-chlorophyll (HNLC) oceanic regions.
Results
Iron Bioavailability to Natural Planktonic Assemblages. Under iron deficiency, the bioavailable iron pool is defined here as any iron form that can accumulate within microorganisms to support metabolic reactions and their growth (Fig. S1) . Bioavailability, therefore, is related to the intracellular iron uptake rate (38) . In our study, we selected the uronic acid, glucuronic acid (GLU), as it is a major constituent in the EPS of heterotrophic and autotrophic bacteria, diatoms, Emiliania huxleyi, and Phaeocystis (26-29, 35, 36) . The siderophore desferrioxamine B (DFB, a natural siderophore from a soil bacterium) was selected as a contrasting ligand, because it forms strong organic complexes with iron (13, 17) and generally decreases iron bioavailability to eukaryotic phytoplankton (38) . DFB decreased iron bioavailability to both resident bacterioplankton and eukaryotic plankton at the polar front (PF) (Fig. 1A and Table S1 ) and in the subantarctic zone (SAZ) (Fig. 1C) . The effect of DFB on decreasing the iron uptake rate was threefold greater for eukaryotic plankton than for bacterioplankton. In the PF, the addition of GLU, a monosaccharide, decreased the iron uptake rate of bacterioplankton to a degree comparable to that observed for DFB. However, GLU increased the iron uptake rate to eukaryotic phytoplankton by 2.3-fold (Fig. 1B) . In the SAZ, the iron uptake rate of both bacterioplankton and eukaryotic plankton was increased in the presence of ≤2 nM of GLU (Fig. 1D ). This site-specific effect of GLU observed for bacterioplankton may be due to the presence of autotrophic bacteria representing 10% of total bacterioplankton found at the SAZ site compared with 0.01% at the PF site (Table S1 ). Despite different dominating eukaryotic plankton (diatoms at PF; dinoflagellates at SAZ; Table S1 ), similar trends were evident for both SAZ and PF sites. For GLU ≥2 nM, the iron uptake rate was enhanced threefold more for eukaryotic plankton than for bacterioplankton (Fig. 1D) . Although there were comparable concentrations of dissolved iron and chlorophyll a (Chl a) in the SAZ and in the PF (Table S1 ), the iron uptake by eukaryotic plankton in the SAZ was 5.6-fold greater than in the PF. Furthermore, with a 3.7-fold lower bacterioplankton biomass at the PF compared with the SAZ (Table  S1 ), the iron uptake by bacterioplankton at the PF was 0.7-fold less compared with the SAZ (Fig. 1, no organic ligand added) . This suggested a difference in the degree of iron bioavailability between the planktonic communities at the PF and SAZ sites.
Iron Bioavailability to Phytoplankton Isolates. Results obtained in the field were confirmed by laboratory experiments using axenic eukaryotic phytoplankton isolates from the Southern Ocean. In Antarctic filtered seawater ( Fig. 2A) , for both Chaetoceros sp. and Phaeocystis sp., iron uptake rates were significantly increased in the presence of GLU and dextran (DEX, a polysaccharide) compared with iron uptake rates in the presence of inorganic iron (P = 0.005-0.040). In artificial seawater ( uptake rates were significantly increased in the presence of GLU for Chaetoceros sp. (P = 0.026) and in presence of DEX for both isolates (P = 0.001-0.003). The addition of DFB significantly decreased the iron uptake rates for both isolates (P = 0.000-0.003; Fig. 2 A and B). Iron bioavailability was increased in the presence of GLU for both natural populations of eukaryotic phytoplankton and laboratory axenic isolates. This observation demonstrated that the enhancement was independent of bacterial activity, such as iron remineralization and GLU as a potential carbon source for heterotrophic bacteria. In addition, comparable trends for both synthetic inorganic and natural ocean waters ( Fig. 2 A and B) suggested that the enhanced iron bioavailability was mainly due to saccharides rather than to a combined effect of saccharides and other natural ligands. Because DEX is too large to be directly taken up by eukaryotic phytoplankton, the enhanced iron uptake rate is likely to be related to an iron uptake pathway rather than to a saccharide uptake pathway. The intracellular uptake rate constant (k upt , Table 1 ) is a measure of the bioavailability of iron associated with saccharides, which relates directly to the biological transport affinity of the chemical forms of iron present (39) . According to k upt in the absence of organic ligands, Phaeocystis sp. takes up iron threefold faster than Chaetoceros sp. (Table 1 ). The comparison of k upt in the presence of inorganic iron and in the presence of saccharides provided a measure of the bioavailability of iron associated with saccharides. For Chaetoceros sp., no difference in k upt was observed in the presence of 5 nM of GLU and DEX, indicating no statistical difference in iron bioavailability (Table 1 ). In the presence of 1 nM of EPS, k upt was significantly lower, indicating a decreased iron bioavailability (Table 1) . Considering the 90-98% decrease in the iron uptake rates in the presence of DFB (Fig. 2) , iron associated with the EPS was still significantly bioavailable to Chaetoceros sp. and Phaeocystis sp.
Iron Chemical Speciation. Iron bioavailability is related to iron chemistry (refs. 4, 9; Fig. S1 ) and chemically labile iron complexes are thought to be more bioavailable (39) . The competitive ligand exchange-adsorptive cathodic stripping voltammetry technique (CLE-AdCSV) in synthetic seawater was used to demonstrate the association of iron with organic ligands (17) . The presence of DFB resulted in strong complexes reducing iron lability (Fig. 3A) , whereas GLU did not decrease iron lability. This observation suggested the formation of a weak Fe-GLU association, outside the analytical detection window (Fig. 3A) . The iron content of the EPS was 2.15 ± 0.28 mole total iron per mole of EPS. Of this total iron, only ∼38% was labile (0.82 ± 0.04 mol per mole of EPS, Fig. 3B ). The inability to saturate the EPS with iron (see also results on iron solubility, Table S2 ), prevented the determination of the conditional stability constant of iron associated with EPS (13, 17) .
An electrochemical method, recently developed to measure Suwannee River fulvic acid (SRFA)-like compounds (40) was used to measure organic compounds likely to influence iron chemical speciation at both the PF and in the SAZ. Here, 7.4 ppb (PF) and 33.6 ppb (SAZ) SRFA equivalents were measured at the depth of Chl a maximum (Table S1 ). However, this analytical approach is not specific to humic substances; other types of compounds differing from humics, such as glutathione, can be detected (40) . EPS was also detected by this technique with 22 nM of EPS (37.4 ppm of EPS) corresponding to 37.9 ppb of SRFA equivalent.
Iron Solubility. Saccharides increase iron solubility due to their associations with iron. For example, in the presence of 1 nM of EPS and 23.8 nM of total iron in synthetic seawater, 9.8 nM of iron was within the dissolved phase (with two-thirds of this being in the colloidal phase, Table S2 ). Here, EPS stabilized iron in the colloidal phase, improving its retention within the dissolved phase. Stabilization of iron in the soluble and colloidal phases was also seen for GLU and DEX in both synthetic and filtered Antarctic seawater (Table S2 ).
Discussion
The intracellular iron uptake rates in the presence of saccharides (GLU and DEX) were higher than for inorganic iron at identical total iron concentrations. This trend was evident for eukaryotic phytoplankton, both resident populations from two Southern Ocean locations, and two axenic isolates. Therefore, this effect is unlikely to be related to site-specific biological iron requirements or iron uptake strategies. Hence, it points to a generic (i.e., taxa independent) role for saccharides in enhancing iron bioavailability to eukaryotic phytoplankton. Saccharides with different functional groups and sizes (GLU, DEX, galacturonic acid, and alginic acid; this study, ref. 38) all enhanced the bioavailability of iron to a range of Southern Ocean eukaryotic phytoplankton. This observation may thus be applicable to other saccharides and phytoplankton groups.
In the Southern Ocean, the growth of eukaryotic phytoplankton is largely limited by iron (1) and both eukaryotic phytoplankton and bacterioplankton are competing for this micronutrient. The contrasting results obtained for natural eukaryotic phytoplankton and bacterioplankton communities in the presence of GLU suggest that saccharide associations with iron might represent an advantage for iron uptake and growth of eukaryotic phytoplankton in iron-deficient oceanic regions. The observation that iron associated with bacterial EPS is bioavailable to eukaryotic phytoplankton (this study) could benefit bacteria indirectly by k upt , intracellular uptake rate constant for Antarctic eukaryotic phytoplankton incubated in artificial seawater. Average k upt (n = 2) ± interval/2 and average relative bioavailability (n = 4) ± SD are presented. ND, not determined. The k upt is determined by the linear regression of iron uptake rates at increasing iron concentrations (ligand concentration is constant). A lower value indicates a decrease in iron bioavailability measured at the level of the biological iron transporters. The numbers in parentheses refer to the P value from the paired Student's t test, comparing the k upt in the absence and in the presence of organic ligands. The average relative bioavailability for each ligand is calculated by comparing the k upt in the absence and in the presence of the ligand.
favoring eukaryotic phytoplankton growth and release of exudates, important labile substrates for heterotrophic bacteria (41) . Such mutualism between eukaryotic phytoplankton and heterotrophic bacteria is probably complex as it will affect both iron chemistry and bioavailability (3) .
Comparison of the chemical composition of ultrafiltered dissolved organic carbon (UDOC) in surface seawater and from eukaryotic phytoplankton isolates suggests that these microorganisms significantly contribute to the pool of EPS and uronic acids found in marine systems (24, 27, 28, 36) . The bioavailability of iron associated with EPS from eukaryotic phytoplankton requires further study. EPS or UDOC produced by eukaryotic phytoplankton isolates contained 32-74% saccharides with uronic acids being the dominant fraction (28-48%; refs. 28, 36) . Given that uronic acids are a major component of phytoplankton EPS, and that uronic acids enhance iron bioavailability to eukaryotic phytoplankton (this study, ref. 38) , it is expected that phytoplankton EPS would have a similar effect on iron biogeochemistry to that of the saccharides studied here.
Previous reports have observed that organic matter can increase iron solubility (14) , often forming colloidal organic iron (42) . Iron associations formed with saccharides used in our study stabilize iron in the dissolved phase (soluble and colloidal) and are readily bioavailable to eukaryotic phytoplankton. Among the saccharides studied, only the iron associated with the EPS was able to reduce iron bioavailability (based on k upt ) to the Antarctic isolates. However, iron bound to EPS was still readily bioavailable as compared with DFB-bound iron; DFB is usually reported to decrease iron bioavailability by >90% (this study, ref. 38). Hence, saccharides will increase the retention time of bioavailable forms of iron in the euphotic zone of HNLC oceanic regions, and consequently may increase the iron uptake rate by eukaryotic phytoplankton. Therefore, saccharides play a critical role in maintaining a pool of bioavailable iron in surface waters. This study demonstrates that they assist in reducing iron limitation for natural eukaryotic phytoplankton communities, diatoms and Phaeocystis, which are major contributors to downward carbon export (35, 43) .
Among the saccharides studied, only the EPS formed a complex with iron that was strong enough to be detected by CLEAdCSV, indicating that some saccharides could account for the weak ligand class (L2) measured by CLE-AdCSV (17) . The formation of weak iron-saccharide associations results in an increased pool of labile iron, which are more easily exchangeable with the high-affinity iron transporters used by eukaryotic phytoplankton (9) . In addition, it was shown that saccharides can favor iron reduction (33, 34) and eukaryotic phytoplankton iron uptake (this study, ref. 38) , probably by the formation, via iron (II), of highly bioavailable iron species.
Our study shows that, in the iron-deficient open ocean, saccharides can significantly contribute to the operationally defined pool of SRFA-like substances detected by the technique developed by Laglera and van den Berg (40) . In offshore pelagic waters, the nature of organic substances detected by this technique would be quite different from SRFA or coastal organic material, likely closer to the bacterial EPS used here. Not surprisingly, the concentrations of SRFA-equivalent substances in the euphotic zone of the Southern Ocean (this study) were much lower than for the Irish Sea and at depth in the Pacific Ocean (36-370 ppb of SRFA equivalents; refs. 16, 40) . In our study, the SRFA-equivalent concentrations detected, would correspond to 4 nM of EPS in the PF and 20 nM of EPS in the SAZ.
In oceanic waters, several organic ligands are present and compete to bind iron (Fig. S1) . Iron uptake by bacterioplankton (via siderophores) is specific; these microorganisms will not detect polysaccharide-bound iron, unless the iron is relocated to the siderophore via competitive ligand exchange (7). The competitive ligand exchange of iron from one organic ligand (L) to another (X) depends on their apparent affinities for iron (44) . Apparent affinity is defined by the product of the stability constant and ligand concentration. In this case, iron will exchange from L to X when the apparent affinity for iron binding of the ligand X is greater than the apparent affinity for the ligand L (44). Therefore, a weak ligand can alter iron chemical speciation if present at a concentration sufficiently high to induce the iron exchange from the strong (L1) ligands.
The range of siderophores (3-20 pM; ref. 21 ) and saccharides (up to 500 nM, ref. 22) reported in the open ocean suggests that saccharides could induce a ligand exchange for the iron bound to siderophores. Indeed, it was shown that iron bound to domoic acid could dominate iron chemistry during a coastal bloom of a toxic Pseudonitzschia species (20) . Knowing (i) the concentrations of strong organic ligands (L1) associated with iron, (ii) their stability constants measured in the SAZ and PF at the depth of chlorophyll a maximum (Table S1) , and (iii) the reported stability constants for small saccharides (log K Fe′L 8. The importance of saccharides is universal, because they are present in all aquatic systems, can bind other essential micronutrients (e.g., Zn, Co, and Cu), and contain macronutrients (e.g., N as amino groups). In our study, we have demonstrated that knowledge of the source and nature of saccharides is required to understand the mechanisms of iron cycling in the Southern Ocean. The hypothesis that eukaryotic phytoplankton are able to modulate their EPS production rate and/or EPS composition in response to iron limitation requires further investigation. Whether these organisms produce saccharides to regulate iron bioavailability, as bacterioplankton produce siderophores for the same purpose, is yet to be determined.
Materials and Methods
Organic Ligands. Four types of organic ligand (L) were chosen: (i) the strong L, DFB, a hydroxamate siderophore (Sigma-Aldrich); (ii) GLU, monosaccharide with hydroxylic and carboxylate groups (Sigma-Aldrich, 194 g mol −1 ); (iii) DEX, a polysaccharide, 3-6% sulfate (Sigma-Aldrich, 500,000 g mol −1 ); (iv) a bacterially produced EPS. The EPS was purified from a bacterium isolated from the pelagic Southern Ocean (65°S, 143°E), the chemical composition of which has been previously described (29) . It is a large polyfunctional polysaccharide (1.7 MDa) containing mainly neutral sugars (50%), uronic acid (30%, mainly as galacturonic acid), and amino sugars (14% mainly as Nacetyl-galactosamine). The EPS presented several binding groups such as carboxylic, hydroxyl, few sulfate groups, and some associated proteins. Background iron contamination of L was checked by inductively coupled plasma mass spectroscopy (ICP-MS) (Perkin-Elmer; Elan DRC II). Iron contamination from DFB, GLU, and DEX was negligible but the EPS contained 2.15 mole of iron per mole of EPS. The C concentrations used here in perturbation experiments corresponded to 12-300 nM of C for GLU, ∼276 μM of C for DEX, and 48 μM of C for EPS. The concentrations of GLU and EPS used here were relevant to the saccharide concentrations reported in the Southern Ocean (up to 20-30 μM of C, ref.
23).
Iron Bioavailability. Iron bioavailability, with and without the addition of various L, was measured for natural eukaryotic phytoplankton and bacterioplankton communities at two locations in the Southern Ocean and for two Antarctic eukaryotic phytoplankton isolates. The pool of iron that is bioavailable is defined here as that which can be accumulated inside microorganisms, as intracellular iron to support metabolic reactions required for their growth ( Fig. S1; refs. 38, 39 ). On the basis of our operational definition, bioavailability is directly related to iron accumulated inside the eukaryotic phytoplankton under Fe-limited conditions. Here, iron bioavailability was measured during iron uptake experiments using a radiotracer ( 55 FeCl 3 ) under 50 μmol quanta m −2 s −1 for 16 h (Sun-Glo fluorescent bulb; 400-700 nm) at 2-4°C or sea-surface temperature (Table S1) . 55 Iron was preequilibrated with L for at least 1 wk before experiments. Intracellular iron was determined after an EDTA-oxalate washing step, which removed iron adsorbed on the surface of the eukaryotic phytoplankton (45) . Experiments in the absence of microorganisms showed that colloidal iron retention following the oxalate wash was negligible (<5% of the intracellular concentration).
Iron bioavailability was also measured using the rate constant of intracellular iron uptake (k upt , ref. 39). The k upt (h −1 ) was estimated by linear regression of the increase in iron uptake rate (nmol iron L −1 biovolume h −1 )
for five increasing total iron concentrations in synthetic seawater (nM). The k upt is dependent on both the functioning of the iron transport system (both transporter numbers and affinity for iron are important) and the water chemistry ( Fig. S1; ref. 39 ). The k upt was measured in the presence and the absence of L for each Antarctic isolate grown in an iron-limited situation. In the absence of L and at low iron concentrations, inorganic iron is mainly present as Fe(III)′, a form that reacts directly with the transporter and surface reductase of diatoms (9); thus, it is considered here as 100% bioavailable to eukaryotic phytoplankton. Using this approach, the biological iron transport system was kept constant and only water chemistry was altered. Comparison of k upt obtained in the absence of L with k upt measured in the presence of L, allowed the estimation of iron bioavailability in the presence of L. Each experiment was performed in duplicate and Student's t test (95% significance) was used to compare iron bioavailability in the presence and absence of L. Experiments with natural plankton were performed using Southern Ocean water collected at the depth of maximum Chl a using a trace-metal-clean protocol (46) , south of the PF (54.0°S 145.9°E, February 1, 2007) and in the SAZ (45.6°S 153.2°E, February 11, 2007) . Bacterioplankton (0.2-0.8 μm) and eukaryotic plankton (>0.8 μm) were distinguished using sequential filtration (polycarbonate filter; Millipore).
Antarctic eukaryotic phytoplankton isolates (diatom, Chaetoceros sp. CS-624 and haptophyte, Phaeocystis sp. CS-284) were grown in sterile Southern Ocean water (SI Materials and Methods, ref. 38) , and culture axenicity was verified using DAPI staining (47) . Experiments were carried out either in natural waters or in inorganic artificial seawater consisting of the major salts of the AQUIL media recipe (48) (I = 0.66 mol, pH = 8.0).
Iron Chemistry. Chemical interaction of iron with saccharides was investigated with the CLE-AdCSV (17) (SI Materials and Methods) and sequential filtration (0.2 and 0.02 μm, Anotop; Whatman; SI Materials and Methods). Accuracy of the CLE-AdCSV method was verified using reference seawaters (NASS-5 and SAFe D2; SI Materials and Methods). In addition, operationally defined humiclike compounds were determined (40) . SRFA (standard I, International Humic Substances Society) was used to calibrate the instrument (SI Materials and Methods) and concentrations were expressed in SRFA equivalents. In this study, axenicity of the Antarctic isolates used was verified by (i) the absence of heterotrophic bacteria on marine agar and (ii) the absence of heterotrophic bacteria using epifluorescent microscopy following DAPI stain (1) ). Isolates were gravity filtered (2 μm polycarbonate, Millipore), washed with a trace-metal-clean oxalate solution (2), rinsed (3 × 5 mL) with synthetic seawater (major salts from the AQUIL media; ref.
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3) before gentle resuspension in experimental solution (synthetic seawater or filtered seawater). The cellular suspension was then diluted to reach a final biomass of 10,000-25,000 cells per milliliter and cellular density was measured by electronic particle counter (Coulter counter, Multisizer II). For work with eukaryotic phytoplankton isolates, inorganic and organic forms of iron ( 55 Fe preequilibrated with GLU and DFB) were added to the experimental media and left to equilibrate in the dark at 4°C overnight before the addition of microorganisms. For work with natural plankton assemblages, inorganic and organic iron was added directly. Following incubation (16 h), cells were gently filtered and rinsed with the oxalate solution to retain only intracellular iron (2, 4) . This technique was shown to be effective to discriminate extracellular from intracellular iron for the isolates used, as well as for natural eukaryotic phytoplankton found in the Southern Ocean (2). The radioactive iron disintegration per minute was measured using a β-counter (TriCarb 2100; Perkin-Elmer) and transformed into iron concentration using both nominal iron additions (including iron added as Iron Solubility. Iron size distribution was measured in the absence of microorganisms in 0.2-μm filtered Antarctic seawater and synthetic seawater. In stock solutions, 55 Fe was preequilibrated with and without L for at least 1 wk before experiments. Solutions were then spiked and incubated as per the bioaccumulation experiments (see above). Size distribution of iron was determined using the concentration of 55 Fig. S1 . Schematic of the complex interplay between iron chemistry and biology in defining its bioavailability to marine microorganisms. In surface water, iron is mainly associated with particles (Partic), and with dissolved or colloidal organic ligands (L2, e.g., exopolysaccharides, EPS; L1 Sid , siderophores). Association with these compounds will define iron chemical speciation and its reactivity toward the biota. Iron binding strength and reactivity is also affected by its redox chemistry (Red for reduction and Ox for oxidation), with iron(II) usually forming the weakest complexes. Both biology (via surface reductase protein, ORProt) and light (λ) favor iron reduction and subsequent transport with iron(II) or iron(III) transporters (FeTr) mainly present in eukaryotic phytoplankton. Highly specific transporter associated with siderophore uptake strategy, commonly present in bacterioplankton, is represented separately (FeSidTr). Other nonspecific uptake pathways (endocytosis, direct permeation, and an ion channel) are shown. Once inside the microorganism, iron (Fe intracell ) reacts with intracellular biological ligands (L bio , e.g., Chlorophyll a), is stored (e.g., vacuole, ferritin) or is involved in cellular homeostasis via gene regulation (gray arrow with ± symbol). Release of iron biological organic ligands (L rel , such as EPS and siderophores) can exert a feedback in the control of both iron chemistry and bioavailability. Dotted, dashed, and full arrows represent aggregation/disaggregation, chemical reaction (complexation, redox), and transfer, respectively. Total dissolved iron (dFe) was determined using CLE-AdCSV after a UV photooxidation step (n = 3). Pigment analyses were done using high performance liquid chromatography using certified pigment standards (1) . Dominant taxa were identified by microscopic observation. Heterotrophic and autotrophic bacterial abundances were determined on-board by flow cytometry. 1 nM] . Particulate, colloidal, and soluble iron is operationally defined as >0.2 μm, 0.2-0.02 μm, and <0.02 μm, respectively. The iron size distribution is measured by sequential filtration in the absence of phytoplankton. Error bars represent half intervals (n = 2).
